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FOREWORD

Recovery of thermally sensitive films from explosives subjected
to low level, long duration shocks allows one to obtain in situ
records of heating patterns and formation of hot spots. The degree
of discoloration in the recovered film corresponds to reaction
induced temperatures of the order of several hundred °C. Differing
patterns of initiation buildup may be observed in different explosive
compositions. The film technique is also seen to be a more sensitive
detector of low level reactions than the underwater bulk expansion
optical method.

This work was supported by the High Energy Propellant Safety
Program (HEPS) sponsored by the Strategic Systems Project Office of
the U. S. Navy and the Exploratory Development Program of the NAVSEA
Systems Command (SEA-62R).
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INTRODUCTION

The kinetics of the process by which an input shock may build
into a full scale detonation in a reacting explosive is, at present,
not well understood. It is generally believed that the reaction
initiates at localized regions, forming hot spots. For a suf-
ficiently strong initiating shock, the hot nucleation sites may grow
and coalesce in a full scale detonation. Whether an input shock of a
given amplitude will provoke a detonation or not depends on the
localized temperatures which may be induced and on the spatial
distribution of hot spots. A related problem of interest is the
response of explosives to low amplitude shocks. While a good deal
of effort has been expended to date studying the shock to detonation
transition (SDT) in explosives, relatively little information is
available on material response to the lower level shocks which may
initiate burning without leading to detonation.

Information on hot spot formation, temperature, growth and
distribution has been notoriously difficult to come by. Recently
Coffey,1 Jacobs and Elban reported use of a novel technique for
obtaining information on temperature and spatial distribution of
heating of itaterials subjected to dynamic loading. Their method
involved use of a heat sensitive film placed between the sample and
the anvil of an impact machine. A 2.5 kg striker impacted the sample
(single crystals of NaCi) from some preset height. The high
temperatures generated at crystal slip planes and location of the
hot failed material was recorded by a discoloration pattern in the
heat sensitive film. Based on the degree of discoloration the
temperatures generated were estimated to be of the order of several
hundred oC for a 70 cm. drop height. An earlier version of this
experiment was attempted in the 1950's by H. Napadinsky.2 That
effort produced only mixed results due to the inadequate nature of
the thermal sensitive film commercially available at that date.

1. Coffey, S., Elban W., and Jacobs, S., Proceedings of the 16th
JANNAF Combustion Conf., Monterey, CA, 1979.

2. Napadinsky, H., "Development of Methods for Predicting the
Response of Explosive Material to Impact,"
Contract No. AF29 (601)2133, Report No. AFSWCTR-61-8, 1961.
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We report here the first use of thermally sensitive film to
detect initiation of reaction in explosive materials subjected to a
controlled, low pressure, compressional shock wave. This method was
found to provide a simple and cheap way of acquiring information on
hot spot temperature and distribution and also proved more sensitive
in detecting low level reactions than other techniques.

THE THERMALLY SENSITIVE FILM DETECTOR

We have used the same commercially available film employed in
Reference 1, the "Heat Sensitive Infrared Film, Type 577" made by the
Minnesota Mining and Manufacturing Company. This film is ordinarily
used for Vu-graph transparencies and blackens in ordinary use when
subjected to temperatures of around 100oC for about 1 sec. with much
shorter exposure times characteristic of shock phenomena the blacken-
ing chemical reaction does not have time to go to completion and some
intermediate discoloration, ranging from a yellow-green to dark brown,
occurs for temperatures on the order of a few hundred °C. This dis-
coloration was shown to be independent of applied pressure (up to
about 1.5 GPa) and sensitive only to temperature. A rough calibra-
tion showed a threshold temperature of 240 0C for an exposure time of
40 ps, which is typical of the shock pulse lengths used in the work
reported here. At temperatures of 3700C and above the film turns
dark brown. Further details on the calibration may be found in
Reference 1.

THE EXPERIMENTAL CONFIGURATION

We have used the thermally sensitive film in conjunction with
the underwater aquarium test. The underwater test, illustrated in
Figure 1, was designed to produce a long duration (20-40 ps),
relatively low amplitude shock (.3 to 3 GPa) in a low friction
geometry. A 472 gm spherical donor charge of case pentolite is sus-
pended by a nylon thread harness in the center of a supporting metal
rig. The acceptor charges, consisting of 1 inch thick, 2 inch
diameter disks were suspended by a mylar tape, glued at the cylindrical
surfaces and positioned with the flat surface facing the pentolite
donor. The donor acceptor system is placed underwater in the
"aquarium". The enhanced confinement of the water reduces the ampli-
tude of rarefactions from the sample surface. The pressure in the
water vs. distance from a pentolite donor was recalibrated recently
at the Naval Surface Weapons Center. The entering pressure in the
sample is then obtained in the usual way from the Hugoniot curves
using the techniques described in Rice et. al. 3

3. Rice, M., McQueen, R., and Walsh, J., "Compression of Solids by
Strong Shock Waves," Solid State Physics 6 1 (Academic Press,
NY) 1958.
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In the past,4 chemical reaction was inferred by observing bulk
expansion of the acceptor after being struck by the shock wave
emanating from the donor. Observations were made with a Jacobs
framing camera and lighting provided by an argon flash bomb.
Reference 4 may be consulted for greater experimental detail. With
the thermally sensitive film method, the Jacobs camera, argon bomb
and associated timing electronics are dispensed with. The acceptor
charges are sectioned into two 2 inch diameter by 0.5 inch thick
discs and a 2 inch diameter section of film is placed at the front,
back and middle of the donor assembly as illustrated in Figure 2. A
thin layer of silicone grease was applied at the perimeter of the
film sections to improve adherence to the sample. After detonation
of the donor, the heat sensitive film is recovered from the rubble
and examined for signs of heating.

RESULTS

We have tested the heat sensitive film with a number of different
high explosives and high energy propellants as well as with an explo-
sive (PBXN-106) simulant. The results of these tests are reported
below.

PRESSED TNT. Figure 3 shows the three film sections from the
front, middle and back face, recovered from a pressed TNT acceptor
(f)= 1.62 g/cm3 ) subjected to an input pressure pulse of 0.57 GPa.
The front disk shows considerable browning over the entire surface
area while the middle and back face disks show almost no discolora-
tion at all. The extensive browning of the front face film is
evidence of significant chemical release of heat near the surface.
As the second film shows no discoloration we believe that the region
of intense heat was restricted to a relatively thin layer near the
input surface, after which the reaction quenched. At 0.5 GPa no dis-
coloration of the film was observed. It is interesting to note that
the threshold for burning as determined by the underwater acceptor
expansion method is about 0.8 GPa but jetting had been observed to
occur at half this pressure. The thermal film is thus detecting
reactions at much lower levels than those detected in Reference 4.

PRESSED PENTOLITE. The results of the tests with pressed pento-
lite (p = 1.66 g/cm 3) are shown in Figure 4. The pattern of reaction
growth is quite different than for the TNT. Figure 4a corresponds to
an input shock of 0.48 GPa. Little surface browning is evidenced on
the first disk while the middle and back surfaces display a singular
degree of extensive browning. The reaction buildup has been much
more gradual than in the TNT with substantial chemical activity
taking place in the middle and sustainment of vigorous reaction
levels through the end of the acceptor. The results at 0.45 GPa are

4. Liddiard, T., "The Initiation of Burning in High Explosives and
Propellants," Proc. of Fourth Int. Symposium on Detonation, 478
(ONR-1965).
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shown in Figure 4b. There are brownish discolorations on the first
and second film disks while the back disk showed no color change.
The reaction level was clearly quenching as the initiating shock
amplitude became marginal. The threshold* for initiation found by
the acceptor expansion method5 was 0.45 GPa.

PRESSED COMP B. In Figure 5 we display the results for pressed
Comp B (p = 1.71 g/cm3) subjected to shocks of 0.48 GPa and 0.56 GPa
respectively. At 0.48 GPa (Figure 5a) there are isolated brown spots
on the first film with a more extensive browning in the middle while
the third film contains only a yellow-green discoloration over half
its surface area. The reaction has built up by the coalescence of
hot spots and is fairly vigorous in the center but has almost entirely
died out by the time it reached the back face. A similar pattern of
reaction buildup and subsequent decay is shown in Figure 5b. The
input shock was somewhat higher (0.56 GPa vs. 0.48 GPa) and the
reaction at the front surface and remaining reaction at the back
surface were correspondingly more vigorous. The radial flow pattern
is also clearly discernable on the front face film. No underwater
expansion threshold for burning data was ever obtained for Comp B.

CAST COMP B. The results obtained with cast Composition B are
somewhat disappointing. It was hoped that more could be learned of
the build-up in the HE by replacing the center (parallel) film with
one that is diagonally oriented, as in Figure 6. The cast material,
though, is a poor choice since it is not as uniform as material that
has been isostatically pressed. Apparently, during the casting pro-
cess, a region of lower density can form down the center of the
charge. This region would be more sensitive to shock than that near
the periphery, thus clouding the interpretation of results. At any
rate, acceptors at .56 and .6 GPa showed evidence of mild reaction
at the first film. Little reaction reached the half-way point on the
diagonal films. At .6 GPa a moderate amount of reaction is indicated
on the diagonal film at the end nearest the donor, but the reaction
appears to have fallen off sharply after traveling 0.5 inches. The
third films at .56 and .6 GPa show no evidence of reaction. No other
burning threshold data were measured for cast Comp B.

LX-04-0. LX-04-0 (p = 1.86 g/cm 3) is an 85% HMX based explosive
composition plus binder. No color changes on the heat sensitive film
were observed at shock levels of 0.48 and .6 GPa. The results of
tests at .92 and .99 GPa are shown in Figure 7. At .92 GPa the first
film showed several brown spots on the periphery with nothing showing
up on the other two films. At .99 GPa the first film showed a consid-
erable area of browning. The second film (in this case only two
films used) showed considerably less discoloration, indicating a
die-out of reaction. The critical pressure for reaction in LX-04-1
using the underwater expansion method is .9 GPa (LX-04-l and LX-04-0
are chemically identical and have essentially the same threshold of
burning as determined by the Modified Gap Test. It is interesting
to note that Figure 7a indicates that reaction seems to be initiating
at a number of hot spots on the periphery. Examining some of the
early acceptor expansion records on LX-04-l, shown in Figure 8, we

8
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note that the face nearest the donor seems to be shearing outwards
immediately after the shock has struck. This lateral velocity in
LX-04-1 was measured at about 20 m/s. The resulting initiation sites
on the periphery suggest that shear mechanisms play a larger role in
initiation than previously suspected in these acceptor-donor under-
water systems. The 0.99 GPa shock induced considerable browning and
some blackening. When the film was examined under a microscope the
hot spots associated with the individual HMX particles could be
clearly seen (Figure 9). The irregular shapes and occasional
"tails" of the blackened regions is evidence of the deformation
and flow to which the particles have been subjected. Under close
inspection, it is possible to discern patterns of light areas
surrounded by hotter darker regions. We believe this is due in
part to patterns of localized heating produced during crystal
fracture.

PROPELLANTS VRA-23 AND ALTU-16. VRA-23 and ALTU-16 are experi-
mental propellants containing aluminum, HMX and ammonium perchlorate
with lunder material. The VRA-23 was subjected to shocks of 0.56 GPa
at which a very slight reaction was detected and 0.59 GPa shown in
Figure 10a. The reactiop threshold as determined by the bulk expan-
sion method was 1.2 GPa. In contrast the ALTU-16 showed vigorous
reactions down to 0.4 GPa (Figure 10b). This increased sensitivity
to burning at lower shock levels as compared with VRA-23 was con-
firmed by the acceptor expansion method where the initiation sensi-
tivity curves of VRA-23 and ALTU-16 were shown to cross at 1.7 GPa.
This crossing indicated that whereas VRA-23 was easier to detonate
than ALTU-16 it was more insensitive to burn at lower levels of shock.
The VRA-23 contained some ingredient which attacked the heat sensi-
tive emulsion. Consquently, it was necessary to shoot as soon as
possible after the charges were prepared, but a degree of distortion
was unavoidable.

PBXN-106 SIMULANT. The simulant is made of polystyrene and
glass beads and is fairly rubbery. The sample size was 2.5 inch
diameter by 1.5 inches high. When subjected to a 0.4 GPa shock the
sample displayed considerable browning indicating locally high
temperatures, possibly due to fracture of the glass beads or some
other mechanical process. When viewed under a microscope (see
Figure 11) a very regular sized crater pattern is observed. This is
undoubtedly due to the violent impingement of the glass beads on the
film, which leads us to suspect fracture as the source of localized
heating (see Figure 12). The simulant subjected to a .25 GPa shock
showed no such discoloration.

5. Frankel, M., Liddiard, T., and Forbes, J., "Low Level Shock
Reaction Thresholds in High Explosives and Propellants," to
be published.
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CONCLUS IONS

It is clear that the use of heat sensitive film allows one to
get a handle on the thorny experimental problem of tracking patterns
of reaction buildup in explosive materials. It is also apparent that
the film technique is capable of detecting in situ heating at much
lower levels than possible with the underwater bulk expansion tech-
nique. A number of problems remain, however, before the film tech-
nique becomes a more useful quantitative tool. The calibra.tion of
temperature vs. exposure times needs additional investigation. It is
also possible that some of the heating may be produced by some non-
chemical means, such as particle fracture. There is experimental
evidence that such processes do occur and will be reported on else-
where. In some instances, the ingredients in the sample being tested
may attack the thermally sensitive emulsions. It would be of interest
to study the use of other types of thermally sensitive recording films
or materials to see whether the performance or sensitivity might
be improved.

We would like to thank Dempsey Gillmore and Bob Baker for their
invaluable assistance in running this series of experiments.
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472-g DONOR
(RADIUS- 41 mm)

TANKz
(60x60x60 cm)

ACCEPTORS (50.8 mm
DIAM x 11.7mm THICK)

FIGURE 1 THE UNDERWATER AQUARIUM SYSTEM
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FIGURE 2 ACCEPTOR CHARGE ASSEMBLY. ARROWS INDICATE SIDE
OF FILM WITH THERMALLY SENSITIVE EMULSION
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FIGURE 6 ACCEPTOR CHARGE ASSEMBLY WITH DIAGONALLY EMBEDDED
THERMAL FILM
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FIGURE 11 PHOTOMICROGRAPHIC ENLARGEMENT 1120X) SHOWING CRATER
PATTERN WITH CHARRED RIM PRODUCED BY FRACTURE OF GLASS
BEADS IN PBXN-106 SIMULANT
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FIGURE 12 MODEL OF CRATER FORMATION WITH DEPOSITION OF HOT MATERIAL ON RIM
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C] REMOVE THIS FACILITY FROM THE DISTRIUUTION LoST FOR TECHNICAL REPORTS ON THIS SUSJECT.

0.
NUMBER OF COPIES DESIRED ___________________
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